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We investigated the localization of GABAA and GABAC receptors in horizontal cells (HCs) and HC axon terminals (ATs)
dissociated from goldﬁsh retina, using whole-cell patch-clamping recordings. Applications of GABA on HCs induced two groups
with inward currents at the holding potential of )50 mV: One was a sustained inward current in the H1 cell, with one type of HCAT
(AT1), and the other was a transient inward current in other HC soma and HCAT (AT2). Co-application of GABA with bicuculline
or SR95531, GABAA receptor antagonists, showed a non-blocking eﬀect in the sustained current, but a blocking eﬀect in
the transient current. The sustained current was evoked by cis-4-aminocrotonic acid (CACA), a GABAC receptor agonist, while
the transient current was not induced by CACA, but mimicked by muscimol, a GABAA receptor agonist. Both the sustained
and transient currents were completely blocked by picrotoxin and not mimicked by baclofen, a GABAB receptor agonist. Thus H1
cell and AT1 have GABAC receptors, while H2, H3 cells and AT2 have GABAA receptors.
 2003 Elsevier Ltd. All rights reserved.
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It is well known that horizontal cells (HCs) are non-
spiking neurons that mediate lateral signal transmission
in the outer retina. This lateral transmission is mediated
via gap-junctions between HCs. HCs play an essential
role in formation of center-surround antagonism and
color opponency (Dacey, 1996; Kamermans, Kraaij, &
Spekreijse, 1998; Kaneko, 1973; Piccolino, 1995). There
is a lot of evidence suggesting that this feedback path-
way is a GABA-ergic pathway (Kamermans & Spe-
kreijse, 1999; Marc, Stell, Bok, & Lam, 1978; Verweij,
Kamermans, & Spekreijse, 1996; Xu & Yang, 2000).
Cones have GABA receptors (Kraaij, Spekreijse, &
Kamermans, 2000; Yazulla, Studholme, Vitorica, & de
Blas, 1989). HCs release GABA via a transporter
working in the reversed direction (Ayoub & Lam, 1984;
Schwartz, 2002) and HCs contain GABA (Brandon,
1985; Verweij, Kamermans, Negishi, & Spekreijse, 1998;* Corresponding author. Tel.: +82-2-5901257; fax: +82-2-5351270.
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doi:10.1016/S0042-6989(03)00335-3Yazulla, 1985; Yazulla & Brecha, 1980). However,
electrical feedback mechanism involving hemichannels
has recently been proposed to be the main pathway by
which HCs feedback to cones (Kamermans et al., 2001).
In either case, HCs are considered to be the neurons that
generate the center-surround antagonism in the outer
retina.
Interestingly HCs are also sensitive to GABA (Gilb-
ertson, Borges, & Wilson, 1991; Kamermans & Werblin,
1992; Wu, 1994). This GABA-ergic pathway is thought
to be involved in modulating the properties of HCs.
Since HCs are fundamental for the generation of the
bipolar cells center-surround organization, it is impor-
tant to study the relation between the various cone-
HC types and their GABA receptor make-up. Although
there have been studies using histochemical and intra-
cellular recording techniques, approach using whole-cell
voltage-clamp techniques on dissociated HCs from
goldﬁsh retina has never been performed. The present
study shows that H1 cells and one type of horizontal cell
axon-terminal (HCAT) express GABAC receptors,
whereas H2 and H3 cells and the second type of HCAT
express GABAA receptors.
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2.1. Cell dissociation
Experiments were performed on acutely dissociated
retinal HCs. Goldﬁsh (Carassius auratus) of about 15 cm
body length were obtained from a local ﬁsh store and
kept at room temperature at a light/dark cycle of 12/12
h. The goldﬁsh retina was isolated using standard pro-
cedures and put into the dissociation Ringer solution for
10 min (Yagi & Kaneko, 1988). This solution contained
papain (12 U/ml) and 5 mM L-cysteine. The enzyme
treated retina was washed several times with normal
goldﬁsh Ringers solution containing (in mM): 125 NaCl,
2.6 KCl, 2.5 CaCl2, 1 MgCl2 and 10 HEPES (pH 7.4)
and shaken gently for isolation of the cells. The isolated
cells were placed on lectin-coated coverslips and stored
in Ringer solution at 4 C until needed.
2.2. Immunocytochemistry
The isolated cells on the coverslips were immersion
ﬁxed in 4% paraformaldehyde in 0.1 M phosphate buﬀer
(PB, pH 7.4) for 0.5 h and then washed several times in
PB. For the immunochemistry, dissociated cells were
incubated in 10% normal donkey serum (NDS) in 0.01
M phosphate buﬀered saline (PBS, pH 7.4) for 1 h at
room temperature in order to block endogenous per-
oxidase activity. After that the cells were incubated in
PBS overnight at 4 C in PBS containing rabbit anti-
GABA (1:10,000) following incubation with biotiny-
lated goat anti-rabbit IgG (Jackson Immunoresearch
Lab, Inc., West Grove, USA) in PBS for 2 h. Finally,
a DAB reaction was performed (0.05% 3-30-diam-
inobenzidine in 0.05 M tris-HCL buﬀer (pH 7.4) with
0.01% H2O2 for 10 min) and the cells were rinsed with
PBS and coverslipped.
2.3. Electrophysiology
The isolated cells were placed inside the recording
chamber and continuously superfused with oxygenated
normal Ringer solution. Whole-cell patch-clamp tech-
niques were applied as described in the previous study
(Jung, Lee, Paik, & Bai, 1999). Patch-clamp electrodes
were made from borosilicate glass (B100-50-10; Sutter
Instruments, Novato, CA) with a horizontal puller (P-87
Sutter Instruments Novato, CA). The electrodes were
ﬁlled with a standard internal solution (high Cl-solution)
containing (in mM); 30 KCl, 90 CsCl, 15 TEA, 5 EGTA,
and 10 HEPES. Additionally in some experiments a
low Cl-solution, containing (in mM); 116 potassium
D-gluconate, 18 TEA, 5 EGTA, and 10HEPESwas used.
Either a ramp or a step protocol was used to deter-
mine the IV-relation of the GABA-induced currents. To
limit the interference of activation of voltage-gatedcurrents, most of the other currents were blocked
pharmacologically. The Ringer solution to obtain such a
block had the following composition (in mM): 125
NaCl, 2.6 KCl, 2.5 BaCl2, 1 MgCl2, 10 HEPES with 1
lM TTX.
GABA and related substances were dissolved in
normal Ringer solution and rapidly applied to the cells
through a pipette positioned close to the cell via a
gravity-fed Y-tube system. CACA (cis-4-Aminocrotonic
acid) was obtained from Tocris (UK) and all the other
chemicals from SIGMA (St. Louis, MO).
Whole-cell patch-clamp recordings were obtained
using a Axopatch 1D (Axon instruments, Foster, CA)
by pCLAMP acquisition software. Data were analyzed
using Origin software (Microcal Software, Inc., North-
ampton, MA).3. Results
3.1. GABA localization
Fig. 1 shows the GABA immunoreactivity of the
dissociated cone-HCs. H1 somata showed GABA im-
munoreactivity whereas H2 and H3 somata were not
immunoreactive for GABA. This is consistent with pre-
vious morphological studies on retinal sections (Marc
et al., 1978; Yazulla, 1983, 1985). Moreover, we found
two types of axon-terminals: one GABA immunoreac-
tive (AT1) and one not (AT2). Based on the results of
Stell (1975) we could classify the AT1 as axon-terminals
of H1 cells. They were thicker in diameter and shorter in
length. The GABA immunoreactivity in the AT1 was
much more intense than in the H1 somata. ATs of H3
cells were not observed in this study.
3.2. GABA-induced currents
Next, we studied the presence and properties of
GABA-induced currents in dissociated HCs, using
voltage-clamp techniques. The cells clamped at )50 mV
and applied 300 lM GABA by a puﬃng method (Fig.
2). The GABA-induced currents could be separated into
sustained and transient responses. The GABA responses
in H1 cells were small and sustained, whereas the re-
sponses in the H2 and H3 cells were much larger and
transient. The transient character of these currents
suggests receptor desensitization. No diﬀerences in ki-
netics could be observed between the GABA responses
of H2 and H3 cells. GABA responses of AT1 were
sustained, whereas these of AT2 were transient. The
GABA responses of AT2 were signiﬁcantly smaller and
slower than those of the H2 and H3 somata.
These GABA responses could be due to either GABA
receptors or GABA transporters. Next, the presence or
absence of a GABA transporter was studied. Nipecotic
Fig. 1. GABA immunocytochemistry in isolated cone-HCs and axon-terminals (ATs) from the goldﬁsh retina. In isolated cone-HCs, GABA im-
munoreactivities were observed in only H1 cells (A) and not in H2 or H3 cells (B and C). We classify H1 cell axon-terminals, which had a thicker
diameter and were shorter than H2 cell axon-terminals, positive for GABA immunocytochemistry similar to the H1 cell somata (D), based on the
results of camera lucida drawings of HCs in ﬂat-mounted Golgi preparations of ordinary goldﬁshs retina (Stell, 1975). We called this AT positive for
GABA immunocytochemistry AT1 and the negative type AT2.
Fig. 2. The GABA responses of the cone-HCs somata and axon-
terminals. Applications of 300 lMGABA on HCs induced two groups
of inward currents at the holding potential of minus 50 mV. (A)
GABA produced the sustained currents in H1 somata and (B) the
transient currents in H2 or H3 somata. (C) GABA produced the sus-
tained currents in AT1 similar to H1 somata and (D) the transient
currents as the H2 or H3 somata.
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(Barrett-Jolley, 2001). Application of 2 mM NPT de-
creased the GABA-induced response to 51%±1.1%
(n ¼ 8) but did not aﬀect the transient GABA-induced
response of the H3 cell (n ¼ 5). These results indicate
that the major part of the GABA-induced response is
due to the activation on the GABA transporter (Fig. 3)Fig. 3. The GABA transporter in horizontal cells. The left is the
control response by 300 lMGABA. The middle shows the response by
co-application of 300 lM GABA and 2 mM NPT. NPT decreased the
GABA-induced sustained current of the H1 cells but did not aﬀect the
transient current of the H3 cells.
Fig. 4. Eﬀects of the various GABA receptor antagonists on GABA-
induced currents in the H1 and the H3 cells. Co-application of GABA
with a bicuculline (BIC) or SR95531, GABAA receptor antagonists,
showed non-blocking eﬀects in the sustained currents of the H1 cells,
but blocking eﬀects in the transient currents of the H3 cells. Both
GABA-induced currents were completely blocked by picrotoxin
(PTX), the Cl-channel blocker.
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insensitive currents were characterized further. Two
ionotropic GABA receptor types exist; GABAA and
GABAC receptors. These two receptor types have dis-
tinct pharmacological properties. Both are sensitive to
picrotoxin (PTX). The GABAA receptor is, and the
GABAC receptor is not, sensitive to ())-bicuculline
methiodide (BIC) and SR 95531 (SR). Muscimol is a
GABAA agonist and a weak GABAC antagonist,
whereas CACA is a speciﬁc GABAC agonist.
Fig. 4 shows the eﬀects of the various GABA receptor
antagonists. In the top row the eﬀects on the H1 cells are
shown and in the bottom row the eﬀect of the H3 cells.
The sustained responses of the H1 cells were insensitive
to BIC and SR but could be blocked by PTX. On the
other hand, the transient current of the H3 cells could be
completely blocked by BIC, SR and PTX. This phar-
macology suggests that the GABA-induced responses in
the H1 cells are mediated by GABAC receptors and in
the H3 cell by GABAA receptors.
To test this hypothesis further we studied the eﬀect of
GABA agonists. The results are shown in Fig. 5. The topFig. 5. The eﬀects of the various GABA receptor agonists in the H1
and the H3 cells. CACA (cis-4-aminocrotonic acid. GABAC receptor
agonist) mimicked the GABA-induced sustained currents of H1 cells
but elicited no currents in the H3 cells. Muscimol, a potent agonist at
the GABAA receptor and a weak GABAC receptor antagonist, did not
induce currents in the H1 cells, but mimicked transient currents similar
to those elicited by GABA in the H3 cells. The baclofen, GABAB re-
ceptor agonist, were not induced currents in both H1 and H3 cells.row shows the responses for the H1 cells and the bottom
row for the H3 cells. The sustained responses of the H1
cell could be mimicked by application of CACA, a
GABAC agonist, whereas both muscimol and baclofen
were unable to elicit a response in these cells. The H3 cell,
on the other hand, was completely insensitive to CACA
and baclofen while muscimol induced transient re-
sponses similar to those elicited by GABA. These results
are completely in line with the notion that H1 cells ex-
press GABAC receptors and H3 cells GABAA receptors.
Finally, if these currents are indeed the result of
GABAA receptors or GABAC receptors activation, these
currents should be mediated by chloride ions. Next,
the reversal potential of the GABA-induced currents
was determined. To prevent interference of the GABA
transporter 2 mM NPT was present in the Ringer so-
lution during these experiments with the H1 cells. Since
the GABA-induced responses were very small in this
condition, we chose to use a ramp protocol to study the
IV-relation of the GABA-induced responses in these
cells. Fig. 6A and B shows the ramp whole-cell IV-
relations (70 mV/s) of an H1 cell with ECl at 0 mV (Fig.
6A) and at )50 mV (Fig. 6B). The IV-relations of the
GABA-induced currents were obtained by subtracting
the IV-relations in the drug condition from the one
obtained in control conditions. These experiments in-
dicate that GABA opens an almost linear conductance
and that the current has a reversal potential very close
to the calculated equilibrium potential for Cl. The re-
versal potential of the GABA-induced current was
+1.5± 0.7 mV (n ¼ 5) with the calculated ECl at 0 mV
and )49.0 ± 0.7 mV (n ¼ 5) with the calculated ECl at
)50 mV.
Fig. 6C shows the responses of an H3 cell to puﬀs of
300 lM GABA for diﬀerent holding potentials. Each
response was recorded when the horizontal cell was
voltage clamped to the indicated potential. For this cell
the calculated ECl was 0 mV. The experiment was re-
peated with the calculated ECl at )50 mV. The GABA-
induced responses in these cells were much larger than in
the H1 cells. Therefore, we constructed the IV-relation
of the GABA-induced responses for these cells (Fig. 6D)
from the responses as shown in Fig. 6C. After plotting
the peak current response as function of holding po-
tential, the IV-relation was constructed and the reversal
potential calculated using a linear regression method.
With the calculated ECl at 0 mV the GABA-induced
current had a reversal potential of +0.9 ± 0.8 mV (n ¼ 5)
while with a calculated ECl of )50 mV the reversal po-
tential was )48.4 ± 1.1 mV (n ¼ 5).4. Discussion
In this study we found that isolated cone-driven HCs
of goldﬁsh retina were sensitive to GABA. There were
Fig. 6. GABA-induced currents in the horizontal cells were mediated
by chloride ions. Reversal potentials were measured using a ramp
protocol for H1 cells (A, B) and a step potential protocol for H3 cells
(C, D) in a whole-cell conﬁguration. (A and B) The subtraction cur-
rents were obtained by subtracting the whole-cell currents in the ab-
sence of GABA from that in the presence of 300 lM GABA. The
subtracted line intersects the x-axis near 0 mV (A) and )50 mV (B)
according to the symmetric and anti-symmetric Cl concentration (see
methods). (C and D) Whole-cell currents were induced by puﬃng of
300 lM GABA at the command voltages indicated left side each trace
in a condition of the symmetric Cl concentration. Each result was
moved a bit so that a ﬁgure avoided being overlapped. After plotting
the peak currents as a function of holding potential, the IV-relation
was constructed by drawing a straight line using a least square method.
The reversal potentials that obtained from the x-axis intercept in an
IV-relation were near 0 and )50 mV according to the symmetric and
anti-symmetric Cl concentration.
S.-S. Paik et al. / Vision Research 43 (2003) 2101–2106 2105two types of GABA-induced ion-currents: the sustained
and the transient currents mediated by GABA-gated
chloride-channels. On the basis of pharmacological
property that bicuculline is a speciﬁc antagonist of
GABAA receptor, we found that the GABA-induced
currents of H1 cells are mediated by GABAC receptors
and the GABA-induced currents of the H2 and H3 cells
are mediated by GABAA receptors. ATs were also
sensitive to GABA. The pharmacological experiments
showed that AT1s express GABAC and AT2s GABAA
receptors.
Catﬁsh retina possesses only one type of cone-pho-
toreceptor and one type of cone-driven HC. The H1
cells of goldﬁsh retina have similar characteristic prop-
erties as these cone-driven HCs. The HC somata pos-
sessed GABAC receptors and GABA transporters, and
cone-HCATs possessed the GABAC receptors suggest-ing autoreceptors (Dong, Picaud, & Werblin, 1994; Jung
et al., 1999; Takahashi, Miyoshi, & Kaneko, 1995).
4.1. The role of the GABA receptors on the soma
What would be the role of such a GABA-ergic sys-
tem? H1 cell contacts all spectral cone-types; L-, M-, and
S-cones (Stell & Lightfoot, 1975) and are the only cells
that contain and release GABA. This suggests that the
H1 cell is the central player in the GABA-ergic system in
the outer plexiform layer. Cones and all types of HCs
are the targets of the GABA released by the H1. First of
all, this illustrates that for the GABA-ergic processing
H1 cells on one hand and H2 and H3 cells on the other
hand have a completely diﬀerent function. The projec-
tion of the HCs to the cones has been suggested to in-
volve modulation of the feedback strength from HCs to
cones (Kamermans, Fahrenfort, & Sjoerdsma, 2002).
The projection of the HCs to HCs might be involved in a
positive loop. Using the GABA-ergic positive feedback
loop model, Kamermans and Werblin (1992) consider-
ably explained the response formation process in HCs.
They suggested that the GABA-ergic feedback loop
slow down HCs responses. Though they explained the
GABA-ergic positive feedback loop model by the result
of amphibian retinal HCs, the theory is thought to well
applied to goldﬁsh retina. To make the response of a
horizontal cell slowly and continuously at the same time,
it seems that the GABAC receptor is more appropriate.
This is most likely the role of the GABAC receptor on
the H1 cells. The role of the GABAA receptors in this
scheme remains puzzling. To elucidate their functional
role more research needs to be done.
H1ATs also contain GABA like H1 somata and
probably release GABA. Therefore, GABAC receptors
of H1AT could function as autoreceptors. To the con-
trary, GABAA receptors of both H2AT and H3AT are
not autoreceptors, because these cells do not contain
GABA. Even though there is some morphological evi-
dences that HCATs are the presynaptic neurons of
amacrine, bipolar, and interplexiform cells (Raymond,
1990), the role of HCATs in ﬁsh remains still unclear.
4.2. The neurotransmitter of H2 and H3 cells
There is a lot of evidence that H1 cells are capable of
releasing GABA. This study shows that H2 and H3 cells
do not express GABA transporter, making it unlikely
that they release GABA. Despite of much eﬀort, the
neurotransmitters of the H2 and H3 cells have not been
identiﬁed. This would suggest that H2 and H3 cells do
not have an output mechanism. However, in the view of
the ephaptic feedback hypothesis, it might even turn out
these neurons do not release a neurotransmitter at all.
This would make them unique neurons in the central
nervous system.
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